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ABSTRACT: in the paper we are describing the Deep Mixing treaiment carried out at Vicarello-Stagno site (near
Livorno - Italy) where a road embankment had to be built in a very short time.

The foundation soil was constituted of a very sofit clay (S less than 30 KPa down to 20 m depth); in those
condicions the soil Failure would occur under the weight of an embankment of a height of 3 m only.

It was necessary to execute the consolidation treatment of the foundation soil in order to limit the settle-
ments of the embankment close to the abutements of two viaducits and around a crossing pipe line.

We relate about geotechnical investigation, comparison between Deep Mixing and other technologies, design cri-
teria, technology adopied (Deep Mixing with dry cement), site operations descripticn and settlement control
apparatus. The reading of control device, up to october 1990, points out that the technology employed is

satisfactory and in accordance with the aim of the design.

1. INTRODUCTION

The creaiment of soil by the Deep Mixing rtechnology
is part of the work for the construction of the em—
bankment of the Tora 2A exiract of lot II of the
highway which will conneci Ficenze, Pisa and Livor-
ne.

The lot is situaced beuween the villages Vicarello
and Stagne in che borough of Collesalvetti (Livorno)
where the river Tora meets the spillway channel of
Ao,

The geological formation has origin feom recent
floodings of rivers and sea, mostly siloy—clay natu-
e,

The area in question is reclaimed land since the
XV centucy, when they tried to protect the area
from the invading macsh; in fact we can find on the
plain ouicrops caused by creclaimed land of recent -
centuries.
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Therefore the ground here is extremely compressible
and saturated with water, where even the
building of an embankment a few meters high, causes
relevant settlements requiring a long time Lo con—
solidate.

In the design stage it was necessary to envisage a
consolidation treatment of the foundation soil in
order to limit as much as possible the settlements
of the embankmen: near the abutment of the viaduct
crossing che river Tora, of the embankment which
leads to the new overpass of ithe motorway Firenze,
Pisa, Livorno and where the methane pipe-line
crosses the motorway itself (see figure 1).

The consolidacion of the soil was in fact the only
possible solution because, considering chat the time
required for the construction was excremely limited
(6 months from the starc of work up ¢o che opening
of the highway), we had to cule ouc solutions al-
lowing important settlements and foreseeing furcher
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Figure 1 - Plan of loc £I exiracc A of the new highway Firenze-Pisa-Livorho



reloadings to keep the original designed level.
Therefore we examined the following technologies

in order to decide which one was the most suicable

to regolve this sicuacion

— POrous concrete piles

- Jjet-groucing & 60 cm

— Deep Mixing & 100 om

- vibraced sand or gravel piles.

Bventually we decided to adopt the Deep Mixing
vechnology for the following reasons.

a) Owing to the very low mechanical properties of
the soil, even where very deep, in order to
limit settlements, it was necessary to consolida-
te the soil at least down ©o 20 m under the em—
banlnent.

So it was not advisable to use vibroflotation be-

cause the gravel or sand colums should have been

o0 deep and alse nNUMErous.

For the treatment of the soil by means of more

rigid colums, a global consclidation on the
whole mass of soil treaced can be envisaged only
with a distance betwsen the colums of not more
than 3-3,5 times the diamecer of the columns
chemselves.

This is not comnected wich the characteristics of
iresistance of the colums compared with those of
che soil. )
The solutien by means of porous concrete piles or
of jet—grouting would cherefore have involw

many more colums (one concrete pile pec 1 m d
one column of jet-grouting approximately per-3m”)
which would have meant a much hlghef cost than
that of the Deep Mixing.

In che deep mixing technology, the water used for
the hydration reaction and the cement dusc are.
mixed in the soil, and should the soil be sacu-
rated, part of the water would be used directly
for the hydravion reaction.

Tnis involves a reduction of the percentage of
water preseni in the soil, which should theoreti-
cally speed up the process of consolidation.

Moreover, which is rather interesting, we believed

it would be of great interest to study the behavicue

of clay and silty clay consolidated by Deep Mixing.

In face in ftaly this new technology has been used
before only for the treatment of the dump residue
obtained from the working of a lignite quarry.

For this purpose, both in the consolidated acea
near the abutment of Tora viaduct and the drained
one nearby, a contiol device system has been in—
stalled, in order to check settlements of the two
different areas. e

Furthermore samples have been taken from the con—
solidaced colums o carey out laboratory tesis.

In the ¢ase of areas far from the concrete
structures and cherefore allowing more relevant sei—
clemencs, we have inscalled geodrains 17 m long in a
layout of 1m x 1m.

In the following chapters we explain the Deep
Mixing technology, we relatce.the more interesting
daca concerning the preliminacy invescigations, the
design phase, the site and the results of the labo-
racory tests cacried out on the consolidated ground.

We also show the diagrams of the settlements re-
corded up to now (ocicber 1990), both in the conso—
licdated area and in the drained one, and we compare
chem with the data calculated during the design pha-
se. :
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2..DEEP MIXING TECHNOLOGY

The method consists in improving the characteristics
of soft or leose soils by means of a mechanical
mixing process which thoroughly mixes the soil in
situ with the scabilizing agents, in powder or gra—
nulars fom, plus any additives or aggregates, intro-
duced using the dry feed method (preumatcic feed).

The stages of the process (see figure 2) inctude a
drilling operacion, during which the soil is disgre-
gated, followed by the raising of the cutting blades
under reverse rotation, at a predetermined rotation
and 1ift speed, with the simultanecus feed of the
binding agent.

PROTECTION
BELL

AIR AND
— CONSCLIOATING
ORGENT

DISCREGATED
SoIL

DISGREGATED
SOIL.

SPECIAL
BLADES

INJECTION
HOZZLES,

DRILLING OPERATION MIXING OPERATION
Figure 2 - Scheme of Deep Mixing method

The particular shape of the blades ensudés the
uniform distribution of the consolidating agent and
the recompacting of the disgregated and mixed soil.

In addition, the geometry of the blades and . the
kelly and the use of a protection bell ensure the
expulsion, at the moutch of the hole, of air alone,
preventing peintless wastage of the binding agent.

At present, consolidated soil colums with a dia--
meter of 800-1000 mm have been achieved using single
and twin head rigs (see figure 3).

3. GEOTECHNICAL INVESTIGATIONS

Before the plamming of the work, twe exploracory
campaigns were carried cut, the first by ANAS con-
cerning lot IL and the second by SGF Company in che
areas of che viaducts.

Int-addicion to the stratigraphy obtained Lhcough
expioratory borings, the following daca were
available: the resulcs of some SCPT, SPT, permeabi-
lity tests in situ, executed in the exploratory
holes, grain size analysis, Atterberg limits and
unit weights, results of edomecric tests, of: direct
simple shear tests and of triaxial compr'essmn
Tests,

Moceover, in the aceas of che embankment and i-‘oun-
dations of Tora viaduct, static penetromeciic tests
down ©o a depth of 60 m had been carried out.

The soil stracigraphy consists of a first layer



Figure 3 - Soil Mec for Deep Mixing construccion,
EC50 special model with. twin head rigs

mainly clayey over corisolidaited by a doying process

down o a depch of approximately 5 m, followed by

clayey silcs or clays wich fluid-plastic cons;_i.s‘i:ency
(water conienc up to 60% irl the first 20 m} down to

a depth of around 45 m; in this second formation

ienses 2-3 m chick of more permeable sandy silts can -

often be found.

Only below 45 m depth, we come across sciff sandy
silty soils.

In order to obtain a complete view of the cha-
racieristics of the embaniment foundation soils, all
the mosi important parameters available (E,Su, y°,-
Wn,Wl,wp,Pr,IC) have been plotited according to their
depih. ‘

‘10_4

for clay v 3 c:m2/ s
for clayey silt c<v =10 "
For sandy silc and sand, instead, we have envi-

saged an immediate settlement.

4. THE DESIGH PHASE

In the planning of consclidation works, we had to
talke into consideraiion the fact that, in such a
compressible soil, when the embankment is high, the-
re may ex1sL pmblans of bearmg capacity o scabl-
iigy.

Therefore the consolidation is necessary not only
to limit the settlement, but alse to stabilize the
whole clayey foundaiion mass. ‘

- For this purpose we have calculated the bearing
capacity of the soil in undrained conditions.

Referring to the solution of Prandil, for a value
of the strength of 20 KPa, we obtained a beamng ca-
pacicy of 102,8 KPa.

Therefore we decided 0 execuie the consolxdatn.on
at least in the areas where cthe embankment was more
than 2,5-3 m high, so that a safety coefficient for
this failure mechanism of 1,5-2 was reached.

As for the partial failure mechanism of tche em-
banlarent slope, we carried out stability analysis in
underained conditions with an undrained shear
sitrength value of 20 MPa.

In figure 5 we show the most critical sliding sur-
face obtained for an embanlment 3,5 m high.

Having considered the results of the analysis
above mentioned, the consolidation has been  exe-—
cuted from the abutment of Tora viaduct, over a
length of 148 m, where the embankment height varies
between 2,7 m and 4 m.

The pattern of the colums has been planned consi—

‘dering the unconfined compressive strength of the
-colums themselves, that is 0,25 MPa, and their dia-

" meter.

AS we can observe in fig. 4,the data obtained in the

two exploratory campaigns resulited nearly homoge—
neous; Cherefore in the choice of the particular pa-
rameters of each layer, we referred to the ave-
rage values, taking into account the results of all
the tesis.

As to edomeieic E modulus, in clay or silty clay,
the following average values have been obtained:

from O o 10m E = 0,77 MPa -
T 10 wl15m C E=1,0 %
" 15 to 25 m E=2,66 "
"25 045 m E=3,33 "
beyond 45 m g =15,5

Moceover, whiere the exploration ~stratigeaphy
showed a high percencage of sand, we adopted E =
3,125 MPa above 15 m and £ = 7,7 MPa below a depth
of 15.m.

in order to have an estimace of the cimes of con-
solidation, the following values of the consolida-
tion ceoefficient (cv) have been used
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In the area ¢lose to the abuiment, where che em—
bankment is moce than 3,3 m high, the colums are 3
m apart from one another in the two directions;
where the embankment is lower the columns &re 3 m
apart in cne direction and 3,2 m apart in the other
one.

Furchermore we must remember chat the geomewlc
patcern of che colums depended on the machine em-
ployed, which, as shown in figure 3, operated si-
multanecusly che iwo twin mixing rods fixed ac a di-
stance of 3 m one from the other.

As for the depth of the treaiment, we must point
out that any work executed at a depth inferior to
40-45 m would cause greater settlements than those
envisaged for viaduct structures founded on piles
50-60 m long.

We had therefore to find a compromise between
these factors:

- to control settlements near the abutment

- 70 keep down the costs of the work

- do not exceed the depth reached by the mixing
rods. ) '

[t was furthermore necessacy not to cause a rele-
vant discontinuity between the embankment area
founded on consolidated soil and on the drained one.

In figure 6 we can note that the depth of the co-
lumns vacies from a maximum of 22 m (length of the
mixing rods) to a mindimum of 12 m.
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We then calculated the settlements for different
heights of the embankment, both in unconsolidated
and drained areas and in the consolidated ones.

We followed the method of Terzaghi, that is we
calculated the vertical stress increments at the
different depths and consequently the settlments in—
volved by elasticity parameters resulting from the
edometric tests.

In order to evaluate the increase of vertical
stresses, we considered that stresses were spreading
according to an angle of about 26°, that is 0,5 m
per meter of depth: besides we left out the ones in~
ferior to 10% of the stresses value in situ before
the embankment construction.
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Figure 6 - Layout of the Peep Mixihng treatment near
Tora Viaduct and of the site control instrumentation

While calculating the settlements of the embank—
ment, we neglected the settlement of the Deep Mixing
consolidated volume because we believed it was not
important comparing it to the one of the soil below.

In table one we show the final values of the set-
tlements foreseen both for the soil consclidated” :
with Deep Mixing and for the soil without consolida-
tion {treatment with geodrains). Cee

Table 1 ) L . I
Embankment height(m) 1,5 2,5 2,5 3,0 3,5 4,0
Settlement in drain- o

ed zone (cm} 59 87 87 98 114 125
Depth of colums (m) - 12 15 20 22 22
Settlement in conso- _

lidated zone (cm) - 33 25 26 32 33

* The widith of the consclidation area is 42 m in-
stead of 36 m as in the other cases.

The calculation of the times of consolidation
turned out more complex as far as the consolidated
area is concerned. :

It was difficult to establish the drainage path;
we assumed that the water could drain only in the
more permeable layers of sandy silt or sand situated
below the consolidated area.

The depth and thickness of these lavers has been
determined by the stratigraphy found in a typical
esploratory bore hole.

Since the times of consolidaticn are inversely
proportional to the square of the drainage path, it
is evident that the supposed lccation of the per-
meable layers and the assumption that water camnot
flow in the consolidated volume, has highly affected
the evaluation of the consolidation time.

Figure 7 shows the curves of the consolidation cal-
culated both in the consolidated area and in the
drained one.
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5. THE" SITE

In all, we have executed 15.120 m of Deep Mixing
colums, distributed over two areas of approximately
40m x 200m each.

Therefore, half way chrough the work, we had to
move the drilling rig and the pumping station co the
second positicn.

For the columns we used Portland cement 425 and
325 in a quantiity of about 2300 N per meter of co-
lumn, equal ©to 2900 N peir cubic meter of soil.

In the phase of maximum work, 3 shifts of eight
hours per day took place and the average production
of the site (excluding che pericds of eguipment as-—
sembling, moving and dismantling) was of 108 m/per
shifc with a total of 140 shifis of work.

o ;gr.aem'y Sy TIME , By
,,_mj B CONSOLIDRTION CURVES N § z
S 7 P s e e 2
K17/ S
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100 [
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Figure 7 -~ Theoretical consolidation curves in
drained and consolidated areas



In the last phase of the work, owing to changes
and improvemenits to the equipment, the production
was of 139 m/per shift (17,4 m/h).

6. CONTROL DEVICE SYSTEM

In the consolidared area close to the abutment of
the Tora viaduct, we set up a more sophisticated and
numerous equipment compaced with the one installed
in the other part of the embankment.
In fact in the drained area, only datum points
were placed to check the surface settlements.
In each equipped section, thiee datum points were
located of which one at the road axis and the other
WO at che sides.
The equipment for the Deep Mixing ‘area was chosen
S0 as o give information about the following items:
1. development and quantiiy of setilements
2. development of excess pore pressures in Lhe
foundation soil S
3. buckling of Deep Mixing columns
4. horizontal movemencs of the foundation scil.
In figure 6 we illusirate che locaiion of the
equipment installed in the consolidated area and in
the drained one close to it.
They are
n. 4 magnetic measuring equipmenc for settlemencs,
two of which are set up inside the colums and
the ocher two in the soil beiween the coiums

n. 2 vertical inclinometers inscalled neac a lacecal
slope of the embankmentc at a distance of 19 m
one from che other L

n. 4 electropneunatic piezometers, two of which lo-
cated in the consolidated area and. cwo in the
drained one.

We equipped the consolidaced area w:.Lh more prec1—
sion than usual because this was the firest expe-
rience of application of Deep Mixing method in this
kind of soil. g

Moceover we envisaged carrying out cores inside
some consolidated colwmns, from which we took o
samples for laboraiory tests in ocder to find ouc .

the unconfined compressive scrength and £ modulus of

elasticity.

7. CHECKS ON FLELD AREA

The checks performed on the field area inciuded:

— vercical core borings theough 2 columns w1th
drawing ouc-of samples for laboratoiry tests

~ excavation of an exploratory shafc for visval
inspection of the treatment.

a) Vertical checking holes

Two months after execution, 2 vertical core holes
were executed coaxially with 2 treated soil colums.

The samples taken during coring were subjecied, in
the laboracory, to unconfined compressive tescs.

Figure 8 shows the strength values obtained: from
the tested soil samples. _

We can note that the average value is the same as
the cne foreseen in the des:Lgn, that is 2,5 m’a

b) Inspection shaft -

A square section ingpection shaft, measurlng 10 m
per side, was excavaied at a depth of 3 m from
ground level.

The shaft is shown in figure 9.

DEPTH(m}

—28 T T T ) T
0 2 4 6
" UNCONFINED. COMPRESSIVE STRENGTH (MPa)

DM MM4 COLUMMS

Figure § - S'tréng'th charactecistics from laboracory
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tests on samples recovered: in direction parallel to
the axis of the colums

Figure 9 - View of the inspection shafc and of Lhe
Deep Mixing column heads

The aims of the shaft were principally ithe fol-

lowing:

- checking by visual inspecticn of ihe 9 columns in-
volved in the excavation

— verifying the reliability of the Deep Mixing co-
lumn treatment method and the effeciive diameters
obtained.

8. READING OF CONTROL DEVICES

Here below we describe the first readings executed
from Macch to October 1990. .

In figure 10 we report the average soll settle-
ments regarding all equipped sections, and in figure
11 the average settlements of each equipped section
versus time (consolidation curves).

We can notice that the most relevant setclemenis
occuced in the drained area in the direction of the
Tora yriver, between the chainages 1400 and 2400,
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Figure 10 - Settlements measured in all sections
equipped with daium pom ts {up to October 1990}
that is in the area situated between the end of the first pericd. does not seem to be insignificant
consolidation by Deep Mixing ¢lose to the abutment compaced to that of the soil below, since it is
of the viaduct and the new cmss:mg of -the Polveroni about 30% of the whole; from the future readings we
road. w:Lll nésice if in this consolidated area the

We want to point out that the whole embankment in
the drained -area has a more or less constant height,
around 2,5 m, while the settlements are lower in the
first part of the lot (up to chainage 1400). -

This is due to the fact that as we approach the
river Tora, clays loose their strength and siles be—
coime mostly clayay, result cmg in an increase of soil ~02
compressibility,

The settlements of the consolidated area (Deep .- 0.2+
Mixing) are very low in spite of the relevant com-

-00 4

-E

pressibiliiy of the clayey soil. é-o--'-- P N So8.06
In figure 11 it is inceresting to notice the diffe- § —~SECT 12 " m
rence between the consclidacion curves of the drain- E g5~ sHT 15 “ 1044
ed area and ‘those of the consolidated one. = A s Joiid

In fact we can cbserve that the former ones are -0 ST 27 " 1746 N\
still very steep and do not show any slowing down of §Z§§§ . e, '\\
the consolidation speed: the latter instead are be- SRR A= . IO S -
coming flatier. : WMar Tapr  OMay ZMay Klun O6JWl 25 15Aug (4Sept MSep MOCHESO

We can therefore already evaluate the great diffe-

rence of behavicur between the two treatments under Figuce 11a - Settlements versus time obtained in the

the embankment with regard to the speed of consoli- drained zone
dation, while it is too early o compare the theo—

retic consolidation curves with the ones measured, o

because the conscruction of the embankment is too

recenc. _ ) —oud

In figure 12 we report the setilements measured at
the different depths by the magnetic measuring .
equipment M1 and M2, located in the consolidated )
area with colums 22 m deep.

Pipe M1, located among 4 columns, measures set- €%
tlemenis down to 38 m of depih; M2 measures only bad CONSOLIDATED AREA NEAR TORA VIADUCT
settlements occured inside a censclidated column. G707 L) - DRAINED ZONE (CLOSE 10 DEEP MIMG)

in che case of all the magnetic inscrumentation =3 A2 wi2m LONG COLUMNS {CLOSE TO DRAINED ZONE)
equipment, including M3 (M4 is no longer in use) the Fros{ MTum oo
amount- of global settlements is approximately equal ABwlsm o« w
£0 the cnes obtained in the datum point survey, that - 06 :::g:
is about 15-20 ¢om. AR =2m  u "

The most relevant data obiained from these measu— =07 T T T T T T T T T T T T T T T
vemencs ac differ‘ent depths are: 28Mer  TApr  (fMay 2Z7May WJun O6Jul  28Jul 15Aug O04Sept 24Sept uOct
~ against the prevision, the deformation of the vo- Figure 11b ~ Settlements versus time cbtained in the

lume of the consolidated soil, at least in this consolidaced zone
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Figure 12 - Settlements measured at different depths
in the magnetic measuring equipment MM1 and Md2

setilements will disappear quicker than in the

deeper zones
— the settlenent of the consolidaced acea, measured

wicnin the colums or ouiside, is pratically the
same, thac means that the distance between the co-
lums is the right one to consolidace homoge—
neouslty che whole volume of the soil.

The values measured by this equipment could be
used ©o evalvace mdulus of elasticity of all the
consolidaced area and then compared with the modulus
of the colums obtained theough laboracory tests.

As for inclinometric readings, except the cwo or
three meterrs on the surface where we can measure a
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Figure 13 - Inclinometer readings of instrument $1

178

horizontal displacement of 15 mm, in the whole con—
sclidaved area, the displacement is constant and ap-
proximately equal to 5 mm (see figqure 13).

This means that the consolidated volume is rigid
enough ©o prevent significant lateral deformacions
due to lecading.

Unfortunately it is not possible to compare these
measurements with those of the drained area: in fact
we preferred to install two inclinometers in the
consolidated area in order to prevent a possible
breaking of a single instrument.

The piezometer readings of the 4 instruments in—
stalled show, up to now, a regular decrease of the
€Xcess pore pressure in accordance with the normal
behaviour of the consolidation process,

9. CONCLUSION

It is probably premature to give a definitive
Judgment on the effectiveness of the consolidaticn
work executed with columns by means of the Deep
Mixing technology.

Neverthless all the results, up to now, point out
that the technology employed is very satisfactory
and in accordance with the aim of the design.

In this respect it is interesting to observe in
the graph of figure 10 the relevant decrease of the
settlements in the consclidated area compared to
those in the drained one.

The results of laboraiory tests have confirmed the
unconfined compressive strength values envisaged in
the design for the columns treated.

Furthermore we observed that the consolidated soil
undergoes small settlements and that the lay out of
the pattern of the colums is suitable, because the
reaction of the s0il is homogenecus. We do not
notice important differences of settlement between
the columns and the soil around them. -

It was a very interesting experience for all the
ones who worked on the project, since we applied
here a new and litfle known technology, which had
not been tested before in such a compressible clayey
soil.

It is therefore now very important Lo obtain the
greatest number of data from the readings of the
control device system and from the future observa—
tion of the embanlement behaviour, with the aim to
have a complete outline of data for other designs in
s0ils having the same characteristics.
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